In the previous report [1] , a newly designed electro-magnetic actuator composed of an armature and a stator with multi-convex teeth to control oil hydraulic valves was introduced. Each of the convex teeth forms a magnetic pole, a large thrust force is generated in the actuator. This actuator produces about 300N at an electronic power consumption of 15W. This thrust force was examined experimentally by using a prototype actuator. In this study, magnetic flux flow in the actuator is investigated by using Finite Element Method Analysis. Difference of magnetic flux flow between several tooth shapes, and the flow of the front and rear edge of a tooth of the actuator are examined. Furthermore, to augment heat transfer of the actuator, the stator with fins made by round slots is examined.
INTRODUCTION
Electro-magnetic proportional hydraulic valves can control oil pressure and flow rate in proportion to input signal, so it is easy and convenient to use for applications. But, the actuators such as force motors, torque motors and linear motors [2] which can operate directly the proportional valves, are built in a permanent magnet, so their constructs are complex and they are expensive. Additionally, proportional solenoids without a permanent magnet can not generate a very large force in comparison with their dimensions. A newly designed electro-magnetic proportional actuator composed of an armature and stator with multi convex teeth to control oil hydraulic valves generates a large force and was constructed and tested experimentally [3] , [4] , [5] . For obtaining higher performance of the actuator, it is necessary to examine the magnetic flux flow, contour of the magnetic density and magnetic saturation in the actuator for designing this actuator in detail. In this study, magnetic field analysis of the actuator was performed by using Finite Element Method Analysis. Magnetic flux flow and thrust force in the case of several tooth shapes, multiple teeth opposed stator and armature, was investigated. Furthermore, to augment heat transfer and to obtain larger thrust force of the actuator, the magnetic flux flow in the stator with fins made by round slots was examined.
STRUCTURE AND PRINCIPLE OF THE ACUTUATOR
Multi-step pole type electro-magnetic actuator is a kind of variable reluctance actuator. The actuator is composed of armature, stator and coil in Figure 1 . Principle of producing force of the actuator was described in detail in reference [1] . Figure 1 (a) shows a front view of the actuator, Figure 1 (b) shows the axial cross sectional view of the actuator. In Figure 1 (a), the armature does not rotate, it can only slide along the axis direction in Figure 1 (b) . Now, as illustrated in Figure 1 (b), each of the opposed convex teeth of armature and stator are not positioned in a lap. When the electric current flows in the coil, magnetic flux is generated and it flows between the armature and the stator around the outside of the stator as shown in Figure 1 (a). On the other hand, in Figure 1 (b), the magnetic flux produced by the winding coil on the lower stator flows in the armature convex teeth, and it flows from the armature to the upper stator. This magnetic flux flow causes the convex teeth of the armature and stator to become magnetic pole, and a large force is generated in the axis direction by producing a traction force from each tooth simultaneously. Figure 2 shows the structure of the designed actuator in this work. This actuator is composed of an armature, stator and coil. The coil is wound on the winding guide around four sides of the armature as shown in Figure 2 . This winding guide is fixed to the stator by side plates (not illustrated in this figure). When the current flows through the coil, a large force is generated between the armature and the stator, and then the armature moves along the rectangular hole of the winding guide.
MAGNETIC POLE SHAPES OF THE CONVEX TEETH
It is important to determine the shape of convex teeth of the armature and the stator for obtaining higher performance in the multi-step pole type actuator [1] . Figure 4 shows the magnetic material characteristic curves of the armature and the stator of the test actuator.
In the magnetic field analysis [6] , averaged values of these curves as shown marks in the Figure 4 were used. Magneto-motive force NI (coil winding number N, current I ) is 1050AT (Ampere Turn). And magnitude of magnetic density is classified by color on the right sides of the figures, and the unit is indicated by tesla T. In the rectangular shape tooth, magnetic flux flow spreads gradually from the top to the root of the convex tooth as shown in Figure 5 (a). In the square cutting shape tooth in Figure 5 (b), the magnetic flux flow is restricted suddenly at a square cutting portion. Therefore, it is difficult to path through this portion for the magnetic flux flow compared with rectangular shape tooth. In the round cutting shape and slanted cutting shape tooth in Figure 5 Figure 7 shows the relationship between overlap x and force F a in the cases of four convex tooth shapes. As shown in Figure 7 , in the armature with square cutting shape convex tooth, force F a decreases rapidly with an increase in x. In the armature with convex tooth of round cutting shape and slanted cutting shape, force F a curves (c), (d) fit with the curve (a) in the case of rectangular shape when x is less than 2mm. Therefore the actuators with these convex tooth shapes can be obtained wide range of x in which force F a becomes constant. Furthermore, these tooth shapes can be shortened intervals between their teeth when multiple convex teeth are stood in a row. So, the actuators with these convex tooth shapes can produce a larger thrust force and they are suitable for many application. 
MAGNETIC FLUX FLOW OF 5-STEP POLE TYPE ACUTUATOR
Magnetic flux flow of 5-step pole type actuator was examined in the case of convex teeth of slanted cutting shape in consideration of processability. Figure 8 shows the relationship between magnetic flux flow of opposed convex teeth and forces in a multi-step pole type actuator. As shown in Figure 8 , magnetic flux flows from convex tooth A and B of the stator to the convex tooth C of the armature. Therefore, force F a acts on the front edge of the tooth C and force F b acts on the rear edge of the tooth C. These forces F a and F b act on the tooth C in the opposite direction each other as shown in Figure 8 . Now, an overlap between opposed tooth A and C is indicated as x, a distance between tooth B and C is indicated as y. The distance y becomes larger in proportion to increase of the overlap x. Therefore, when the overlap x increases, the force F a keeps large force, but the force F b becomes small.
Thrust force F n of n-step pole type actuator can be calculated by F a and F b as follows [1] . Figure 8 is produced. And, magnetic flux density of front edge side of the armature in Figure 9 is higher than that of rear edge side of the armature in Figure 10 . Therefore, forces F a and F b which act on one convex tooth of the armature are generated opposite direction each other. For this reason, force F n which act on n-step convex teeth of the armature is less than the force of F a times n. Figure 11 shows the analyzed result of the magnetic flow in a 5-step pole type actuator composed of the armature and the stator with slanted cutting shape convex teeth. In this figure, magnetic flux flows as shown in Figure 8 . Figure 13 shows relationship between overlap x and force F 5 in the case of 5-step convex teeth. In Figure 13 , analyzed values are good agreement with experimental values. Therefore, it is useful to design multi-step pole type electro-magnetic actuator using Finite Element Method Analysis in this study. 
EXAMINATION OF STATOR SHAPE FOR AUGMENTING HEAT TRANSFER OF THE ACTUATOR
The thrust force of the multi-step pole type electro-magnetic actuator in this study is about 2.5 times as large as that of conventional proportional solenoids and linear motors [1] . Furthermore, to increase the thrust force of this actuator, the stator shape with fins for augmenting heat transfer and preventing raise of the coil temperature was examined. By this examination, a larger thrust force can be obtained by increasing electric current flowing into the coil. Figure 14 shows the slot shape of fins of stator in this study. As shown in Figure 14 , both sides cutting shape with round of radius R along magnetic flux flow was investigated. The magnetic flux flow in this shape was analyzed, and the force F 1 (=F a -F b ) acted on the single convex tooth of the armature from opposed both side convex teeth of the stator was calculated. Figure 15 ) near the rectangular hole edges of stator side are almost the same. However, as shown in Figure 16 (d), in the case of radius R of 30mm, the magnetic density is higher near the hole edges than in the case that R exceeds 32.5mm. Therefore, when the radius R is less than 32.5mm, magnetic flux flow in the stator with round shape affects to magnetic characteristic of the actuator. Figure 16 Analyzed results of the magnetic flux flow when radius R varies (x =1.0mm, NI = 800AT) Figure 17 shows relationship between radius R and force F a . As shown in Figure 17 , the traction force F a of the actuator built in the stator with the round shape hardly decreases compared with the actuator built in the stator of rectangular shape when the radius R of the round shape is equal to or larger than 32.5mm. In the case of the stator with fins, the larger the surface area of the fins the more augmentable heat transfer from the actuator. When the radius R becomes small, the fin slot depth becomes deep, and the surface area of the fins becomes large. Therefore, R was determined as 32.5mm. Next, in the case of the actuator built in the stator with the round shape of the radius R of 32.5mm, forces F 1 acted on the single convex tooth of the armature were analyzed when the intervals p between the teeth are 5mm and 7mm. In Figure 18 , the thickness w of the convex teeth is 5mm and 7mm respectively, and the length E of the top land of the tooth is 2.5mm both. Furthermore, both the forces F 1 of the actuator built in the stator with rectangular shape and the stator with the round shape of R is 32.5mm are analyzed. As shown in Figure 18 , both forces F 1 in the case of rectangular shape and round shape are almost the same. And the force F 1 of the actuator with the convex teeth of their intervals in p of 7mm is larger than the force F 1 in p of 5mm. And the range of x in which force F 1 becomes constant in the case of p of 7mm is wider than the range in the case of p of 5mm. Figure 19 shows the relationship between magneto-motive force NI and force F 1 in p of 5mm and 7mm intervals of the convex teeth. As shown in Figure  19 , the force F 1 of the actuator with the intervals p of 7mm of convex teeth is in proportion to the magneto-motive force NI in the range of 200AT to 1200AT. However, the force F 1 in the case of p of 5mm is not in proportion to NI when NI exceeds 800AT. Furthermore, F 1 in the case of p of 7mm is larger than F 1 in the case of p of 5mm when NI exceeds 400AT. Therefore, thrust force characteristics of the actuator with convex teeth of p of 7mm as shown in Figure 19 is better than that of p of 5mm. The designed actuator with 10 convex teeth is made into the same installation area to the valve body, length and power consumption as conventional proportional solenoids. The magneto-motive force of the actuator is calculated about 800AT at electric power consumption of 15W. In Figure 20 , thrust force characteristics are calculated in the case of the actuator with 10 convex teeth and built in the stator with round shape of R of 32.5mm. As shown in Figure 20 , the thrust force F 10 is almost constant in the range of 0 to 2mm of x 10 at an electric power consumption of 15W to 60W. Furthermore, a larger thrust force F 10 can be gained by increasing the electric power consumption more than 15W. Therefore, it is expectable that a larger thrust force can be obtained by increasing electric current of the coil. Figure 21 shows the structure of the designed 10-step pole type actuator built in the stator with fins. Figure 21 (a) shows the front view and Figure 21 (b) shows axial cross sectional view. This actuator is composed of an armature with a shaft, stator and coil. The coil is wound N turns on the winding guide around four sides of the armature. This winding guide is fixed to the stator by bearing plates. The bearing plates (non-magnetic material) are installed and fixed at both ends of the stator. The shaft of the armature is supported by these plates. Figure 22 shows the appearance of this actuator. The performance of this actuator is due from now on, to be examined by increasing electric current of the coil.
CONCLUSIONS
In this study, magnetic flux flow and thrust force of multi-step pole type electro-magnetic actuator were analyzed by using Finite Element Method Analysis and examined. First, it became clear that the slanted cutting shape of the rear edge of the convex teeth is suitable for this actuator. Next, the thrust force of this multi-step pole type actuator can be calculated by traction forces acted on the front and rear edge of the convex teeth. And then, it is expectable that thrust force of the actuator built in the stator with fins made by round slots, radius R is 32.5mm, can be obtained larger than thrust force of the actuator built in the rectangular stator.
